. The radioactive microsphere tracer method has two main advantages over the radioactive gas techniques (2) for measuring blood flow in the lungs: first, the distribution of microspheres is fixed after embolization and can be measured some time after their injection, and second, the organ can be cut into sections that can be individually scintiscanned to give a measure, with high spatial resolution, of the three-dimensional distribution of radioactive tracer (15, 16). The disadvantage of the microsphere tracer method in measuring spatial distributions of blood flow in the lung is that the geometry of the lung at the time of measurement of the tracer is not the same as that at the time of microsphere injection.
This occurs because excision, inflation, and fixation are required in order to obtain high-resolution measurements of blood flow in units of flow fraction per alveolus (29). In addition, the great amount of data generated by the method necessitates computer analysis and special graphical display of the data (6, 17, 18).
The purposes of this paper are I) to compare the effects of two injection sites (apex and conus of the right ventricle), two injection velocities (8 and 0.3 ml/s), and two microsphere sizes (35 and 15 pm) on the resulting spatial distribution of microspheres in the fixed lung; 2) to describe a method of quantitatively relating the spatial distribution of the parenchyma of excised inflated lungs to the parenchymal distribution in the intact thorax of the living animal; and 3) to report high-resolution measurements of the spatial distribution of pulmonary volume and blood flow relative to the number of alveoli at functional residual capacity in dogs studied in the left lateral decubitus position.
METHODS
Measurement of microsphere distribution. Radioactive microspheres (diam : 15 or 35 pm) were injected into the right ventricle of dogs anesthetized with morphine and sodium pentobarbital.
The resulting regional distribution of microemboli in the lungs was considered to be proportional to the distribution of blood flow at the time of injection (8, 29). The microspheres were obtained from the 3M Co. (Nuclear Products Division, St. Paul, Minn.). We used carbonized spheres of density 1.3 and average diameters of 35 pm and 15 ,um.
The four isotopes used for this study were lGgYb, 141Ce, 8GSr, and ')'Cr. These can be separated by pulse-height energy spectrometry; the highest spillover of one isotope into the pulse-height window of another was about 19 % with the window positions and widths we used (5). The microspheres, whose diameters were controlled within a range of =t 5 pm, were shipped suspended in 2 ml of saline and two drops of Tween 80 (a detergent used to help prevent aggregation) in 5-ml vials (125 mg of microspheres/isotope).
Before injection the saline-microsphere suspensions were transferred into 40-cm-long polyethylene tubes having volumes of about 3 ml. In order to disperse any accumulated aggregations of microspheres, the tubes were placed in a sonic mixer immediately before the injection of their contents.
Injection of microspheres was accomplished through the polyethylene tube containing the saline-microsphere suspension.
A solenoid-controlled pneumatically powered syringe with a pressure of 75 lb/in2 and 8 ml of Ringer solution was used to flush the 3-ml suspension of microspheres into the pulmonary circulation through the spray tip of a catheter placed in the right ventricle. The injections were complete in about 1 s (note syringe travel recording in Fig. 3 in RESULTS) .
Preparation of animals. Two adult male mongrel dogs weighing about 16 kg were used in two control studies to measure possible differences in microsphere distributions resulting from I) microsphere injections into the conus or the apical region of the right ventricle, 2) injections of large (35 pm) or small (15 pm) microspheres, and 3) fast (8 ml/s) or slow (0.3 ml/s) injections.
Six mongrel adult male dogs, weighing 14-l 8 kg, were used in the measurements of the spatial distributions of pulmonary blood flow in the left decubitus position. The dogs were anesthetized with morphine sulfate (10-l 5 mg im) followed by sodium pentobarbital ( Two suspensions in Ringer solution were made, each containing one set of large and one set of small spheres. One of these mixtures was handled and injected as previously described. The other was injected at a constant rate through the catheter over a period of 30 s. Both mixtures were continually agitated to maintain a complete suspension. Both injections were made into the same right ventricular catheter via a set of stopcocks, the slow injection being interrupted midway during its course for the 1 s required for the fast injection. The animal was breathing 99.6 o/;, 02 spontaneously at the time of the injections. Spatial distribution of pulmonary blood JEout. Measurements of the spatial distribution of blood flow in six dogs during the functional residual capacity phase of the respiratory cycle were made with l-s injections of 35-pm microspheres into the right ventricular outflow tract. After embolization with up to four sets of differently labeled microspheres, the lungs were excised intact and inflated, in air, with air at a pressure of 30 cmHZO, thus ensuring that all alveoli were of uniform size ( 13). The inflated lungs were dried and fixed in urethane foam, and the entire foam block was sliced into 20-25 l-cm-thick transverse slices (5, 29). The external and intrapulmonary borders of all lobes of each lung were traced on onion skin paper placed over the surfaces of each transverse section. These anatomic outlines were then fed into the 3500 CDC computer, by using a manual cursor tracing device, so that a digital magnetic tape was obtained containing three-dimensional arrays of the Cartesian coordinates of points covering the surfaces of each lobe. The density of these surface points was on the order of l/cm2 of external and interlobar lung surface. Scintiscans of the sections were performed with a specially modified computer-controlled Picker Magna V Scintiscanner with a 2 10 1 A Picker collimator (medium focus) and a 7.6 x 7.6 cm thallium-activated sodium iodide crystal. The point-source response of this system is nearly gaussian with a standard deviation of about 1 cm. The scanner counted for a fixed period at each position on a rectangular grid, consisting of 30 x 30 points separated by 0.6 and 0.7 cm, covering the entire surface of each slice of fixed lung. The four counts accumulated by the four spectrometry windows at each position were taken to represent the radioactivity of each of up to four isotopes within the 0.42-cm3 volume (0.7 x 0.6 x 1.0 cm) of lung centered at that position. For each dog, this computer-controlled scintiscanning procedure resulted in a digital magnetic tape containing 900 count values for each isotope for each of about 25 cross-sectional slices. Spatial distortion of these arrays caused by the modulation transfer function of the collimator was removed by deconvolution. The three-dimensional arrays of count values and lobar surface points obtained from scanning and outlining the individual transverse sections of lung were mathematically sliced into sections parallel to the sagittal, cross-sectional, and coronal planes of the thorax. The number of elements (grid points at which the scanner stopped) and the total number of counts which fell within each section (of thickness 0.6, 0.7, or 1 .O cm, depending on orientation) were summed. These values were used to calculate the flow fraction (counts/total counts), volume (number of counting elements within the slice times their volume), and flow fraction per milliliter of fixed lung tissue (ratio of the previous values) along the left-to-right, caudad-to-cephalad, and dorsal-toventral axes of the lung. These animals were of the same average size and weight as the dogs used in the bloodflow studies reported herein.
Two weeks after the injection procedure, the animals were anesthetized and biplane thoracic roentgenograms were taken, with the dogs in the left lateral decubitus position, during the functional residual capacity phase of the respiratory cycle. Measurements of the spatial distribution of these metallic markers were obtained from these roentgenograms.
The coordinates were fed into the computer by using a manual tracking device. Distortion caused by the divergence of the X rays as they traveled from the source to the film plate was removed by a method described previously (32). The lungs of these dogs were then excised, inflated, and dried in the same manner as in the blood-flow studies. Biplane roentgenograms of these fixed lungs then were made and the positions of the markers again were fed into the computer by using the tracking device. These data were used to obtain a quantitative relationship between the fixed and the in vivo geometries of the lung in the following manner.
The differences, DP, between the position, P, of each of the markers in the inflated fixed lung and the position, P, in the lung in vivo were measured, giving DPi = Pi -Pi in which i is the number of the tag.
A three-dimensional polynomial was then fitted to the distribution of difGzrence values---D& i = 1, . . . , N-using a least-square fitting algorithm described in the APPENDIX. DPi is a vector made up of components dxi, dy;, and &i representing movements of tag i in the X, y, and < directions, respectively.
By 
RESULTS
Validation studies. For the microsphcrcs to distribute proportional to blood flow in the lung, one necessary condition is that the spheres be dispersed uniformly in the blood before they reach the lung.
Portions of radiopaquc contrast medium often can be seen fluoroscopically to be retained in the apex of the right ventricle for several cycles after injcction into the right atrium. However, material injected into the outflow tract of the right ventricle generally appears to be well mixed. Thus, the position of the tip of the in@tion catheter within the heart may greatly affect the mixing and the subsequent distribution of the injected material. If injections of microspheres into the outflow tract and into the apex of the right ventricle resulted in the same distribution in the lung, this would suggest that the high-pressure injections through the spray-tip catheter that was used must result in good mixing. Figure 1 shows computer-generated plots (17) The three-dimensional arrays of data-one array for each of the two isotope species of microspheres-were summed along the caudal-to-cephalad axis at each of the 31 x 31 sites on the counting grid of all 25 transverse slices of fixed lung. The average number of microspheres at each site was about 4,000. The left panels are the resulting three-dimensional surfaces (18) in which the total numbers of counts measured in the lung over the transverse plane are shown on the vertical axis. Although the geometries of these surfaces are relatively complex, they are nearly identical.
Only minute variations show up in the contour plots of these surfaces (middle panel). The probability that such a count surface is within 2 % of the true mean is about 95 % because the average number of counts represented by each point on the surface is about 25,000, giving a relative standard error (RSE) of about 0.0063 (RSE = ----&ounts/coun ts) . The graph on the right was obtained by mathematically slicing the three-dimensional count array into sagittal sections, each 0.64 cm thick, and summing the counts within each section for each isotope. The sums for each section are plotted along the right-to-left axis. Only small differences between the two distributions can be seen. Fig. 2 . These plots are isocount contours of the surfaces determined from the count values for each isotope obtained at each of the positions on the 31 x 3 1 grid of sampling points which encompassed the caudad surfaces of these particular transverse sections of the fixed lungs. The maximal isocount values (peak blood flows) for these cross sections were about 2,000 counts, so that the standard error of the mean value is about 2.3 %. Although the distributions of these four different radioisotopes appear to be similar, close examination reveals slight differences between the slow and fast injections.
GREENLEAF, RITMAN, SASS, AND WOOD
The microspheres injected over a 30-s period, encompassing several respiratory cycles (see Fig. 3 ), consistently distributed more uniformly over each lobe, as can be seen by comparing the areas enclosed by the most interior contour lines (Fig. 2) on the various contour maps. These areas were larger and less broken for the slow injections. The l-s injection extended over approximately two heartbeats but included only a small fraction of the expiratory phase of a single respiratory cycle. Also, the relative count values for the slowly injected microspheres were somewhat higher in the tapering ventral portions of the lung sections, at 4 and Cm from Caudal Border:
16 cm, respectively, from the caudal margin, indicating a somewhat higher blood flow to these more peripheral regions of the lungs. Values for total blood flow fraction to individual lobes and flow fraction per milliliter of lung tissue for each lobe ( Photokymographic recordings of aortic, pulmonary arterial and tracheal pressures at the time of the microsphere injections are shown in Fig. 3 . No apparent changes in circulatory pressures, heart rate, or respiration due to the injection of microspheres are evident in these tracings. This was the case for all injections of microspheres used to provide data for this study.
Spatial distribution of blood frow. The fractions of the total pulmonary blood flow traversing the left and right lungs and the circulatory pressures measured during the injections of the microspheres are given in Table 2 . All pressures are referred to the midlung level of the animal in the left decubitus position.
The average spatial distributions, for the six dogs, of the volume of the fixed inflated lungs along mutally orthogonal left-to-right, dorsal-to-ventral, and caudad-cephalad axes are shown in the bottom panels of Fig. 4 . Slightly differently scaled plots of these same values, including the standard error of the means for each lung section, are included as the middle row of panels in Fig. 5 along with the distributions along these same axes of the fractions of total pulmonary blood flow (flow fraction) traversing each section (top panels) and the average flow fractions per milliliter of volume for each cross section (bottom panels). The total counts for individual sections shown in this figure averaged more than The tracings of the borders of each lobe transected by the slicing procedure were used to determine the individual lobes from which the counts in the scintiscan of each slice originated.
Although there is not a complete fissure between the left apical and left cardiac lobes of the dog, one can visually trace and discern the segments of incomplete fissure development from lung slice to lung slice during the cursor outlining procedure and thus separate these two lobes without difficulty.
Distributions of volume for each of the seven lobes are illustrated in Fig. 6 . In general, the right lobes were larger than the left lobes. The intermediate lobe was almost centered along the left-to-right axis. The right apical lobe was nearly twice as large as the left apical lobe and this is reflected in our data in Table 3 along the same axes as Fig. 5 and thus represent projections onto these axes of flow values via sagittal, coronal, and transverse planes, respectively. Right Leff --Apical -.-.
--Cardiac -.--.
----Diaphragmatic wwn onso /n f e r m e d i a t e the left-to-right, dorsal-ventral, and caudad-apical anatomic axes, which were 18.5, 16.5, and 2 1.5 cm, respectively, in the inflated fixed state, were decreased to 12.5, 12.5, and 18.0 cm, respectively, in the living animal in the left decubitus position.
injected. The roentgenograms in Fig. 10 provide a visual impression of the changes in position of the metallic tags between the living and inflated fixed states. For the mathematical fitting procedure, the two roentgenograms (fixed and in vivo) were oriented so that the carinae were coincident in space. Note that the distortion is not isotropic but is Table  3 ). The discrepancy is especially evident in the diaphragmatic lobes.
The flow fraction values also can be expressed per milliliter of living lung tissue in the intact thorax (Fig. 13) do not tag flow proportionally from capillary to capillary (10); however, our individual doses contained about lo7 microspheres, and there are about 2,500 sample sites (0.43 cm3 each) in a fixed lung of average size from a 14-kg dog, and therefore there must be an average of about 4,000 microspheres in each sample. This gives us 99 % confidence that the resulting number of spheres is accurate to within 4 % of the true mean obtained over many experiments (given Poisson mixing and perfect counting (4)). Th e number of counts at each site averaged about 1,000 and therefore were accurate to within 6.6 % of the true mean with a confidence of 95 o/o. X respiratory cycle at different pulmonary volumes or pro-spheres, at least in this range of sizes. Reed and Wood (29) longed over several cycles may be different. Evidence that found identical distributions with microspheres of 0.2 and this may be the case is shown in Fig. 3 . 3.0 sp gr, indicating the absence of gravitational-inertial The similarity between the distributions of the large effects on the distributions of the microspheres in this density (35 pm) and small (15 pm) microspheres indicates that there range. The specific gravity of microspheres used in this are no diameter-related differences in rheology of the micro-study was 1.3. King et al. (30) found that only 8% of microspheres greater than 8 pm in diameter pass the pulmonary capillaries, indicating that the 15-and 35-pm microspheres that we used were probably virtually completely trapped during their initial traversal of the lungs. In support of this, we found no counts significantly over background in the brain, liver, or kidney after injections of 15-pm microspheres into the right ventricle.
Reed and Wood (29) found no radioactivity in blood drawn from the aorta during and for 30 s after microsphere injections into the venous system. The accuracy of the procedure of lung outlining and scintiscanning has been reported previously (14). The results obtained by cutting the entire lung into l-ml cubes and counting the individual cubes in a well counter gave caudalto-cephalad distributions of radioactivity that were closely similar to the results obtained by scintiscanning cross sections of the same fixed lung. The maximal error for an individual cross section was 8 %, and the average error for all cross sections was less than 1 %.
A source of error in measuring distributions of blood flow, with either radioactive gas or microspheres, is the change in spatial distribution of the lung parenchyma due to the measurement procedure in relation to the parenchymal distribution in the thorax which pertained under the actual conditions of the experiment. Changes in the spatial distribution of lung parenchyma in the thorax caused by inspiration to total lung capacity, required in the radioactive gas studies in order to obtain blood flow per alveolus, and the inflation of the lungs to a transpulmonary pressure of 30 crnHz0, for the radioactive microsphere technique used in this study, are examples of sources of this type of potential error.
In this study, the measurement of displacements of metallic tags distributed throughout the lung provided a quantitative mathematical description of the changes in the spatial distribution of the lung parcnchyma from that in the living animal at the time of the microsphere injections to X that after inflation and fixation of the lungs. This accuracy is somewhat better than the accuracy of most external scanning techniques used to measure pulmonary distributions of radioactive gas in vivo (11). The choice of the carina as the point for coincidence between the fixed and in vivo coordinates was arbitrary. However, the carina is easily identified on lateral roentgenograms of live dogs and in both views of the inflated fixed lungs (previously sprayed with radiopaque contrast medium).
The position of the carina along the cephaladcaudad axis of the living animal was determined on the lateral view and by assuming the carina was over the vertebral column.
When comparing the results of studies from diff'erent laboratories on fractions of total pulmonary blood flow traversing spatially different regions in the thorax, one must be careful as to the units in which the volumes of these regions and the blood flow to them are expressed. Changes along other isogravitational axis, dorsal-ventral axis, were small and possibly not significant pressures and flows such as those of the animals in this study, there is no histologic evidence of compromise of the vascular lumen at points of perivascular edema, and they demonstrated no decrease in flow in the dependent regions of isolated perfused lungs. Our results indicate clearly, however, that a decrease in blood flow occurs in the dependent regions of individual lobes in the intact animal, whatever the cause.
The distribution of pulmonary blood flow is certainly affected by all pressures or stresses that might affect the dimensions of the vascular lumen. The number of effects that might cause such strain (change in dimension) in the pulmonary vessels is rather large; a list of the most important includes the following : capillary pressure, alveolar pressure, alveolar volume, interstitial pressure, pleural pressure, pericapillary edema, alveolar edema, and vascular tone due to neural and hormonal effects. These effects are certainly not all independent but are related in a complex manner. Elucidation of both passive and active mechanisms of regulation of pulmonary blood flow will require further refinement and applica methods for conditions. 
in which wi represents the spatial position of the tag in the fixed lung (xi, yi , zi). Note that the changes in tag position (dx, dy, and dz) are functions of the spatial coordinates, x, y, and < (represented by w). To obtain a function with which we can calculate parenchymal movements at any position in the lung, we fit the three vectors, dx, dy, and dz, with polynomials.
Let the polynomials for dx, dy, and dz, respecrively, be 
